ABSTRACT The purpose of this study was to evaluate the correlation between live body measurements and several fat traits in Pekin ducks, and ultimately to formulate multiple regression equations for the in vivo estimation of the carcass fatness of Pekin ducks. Several traits were measured in a total of 208 Pekin ducks aged 6 wk (107 males and 101 females). All ducks were weighed and measured for a set of body measurements including live body weight, body slope length, breast muscle thickness, skin fat thickness, chest width, keel length, and neck length. The breast muscle thickness and skin fat thickness was measured using B-scan sonography. Carcass information, including eviscerated weight, subcutaneous fat with skin weight, and abdominal fat weight, was collected after slaughter. Our results revealed that sex effects on most traits were significant (P < 0.05), and that the weight of subcutaneous fat with skin was significantly correlated with live body weight (r = 0.57 to 0.71, P < 0.01). Four additional traits of males were closely correlated with the weight of subcutaneous fat with skin, namely breast muscle thickness (r = 0.20, P < 0.01), skin fat thickness (r = 0.43, P < 0.01), chest width (r = 0.24, P < 0.01), and neck length (r = 0.20, P < 0.05). The abdominal fat weight, percentage of fat, and percentage of subcutaneous fat with skin of ducks were significantly correlated with live body weight (r = 0.38 to 0.43, P < 0.01), and skin fat thickness (r = 0.38 to 0.49, P < 0.01). These traits provided the basis for constructing regression equations to predict weight (or percentage) of subcutaneous fat and abdominal fat with high values of coefficients of multiple correlation (R) between the dependent variable and the independent variables. Two equations were verified to be applicable in other duck groups, with high accuracy, as more than 80% of estimated values were within the margin of error (<10%), compared with the actual values.
INTRODUCTION
Pekin duck, the primary breed of duck used for meat production, is characterized by its crisp skin and tasty meat. Beijing roast duck, which is regarded as one of the most famous dishes in China, depends mostly on carcass fat depots such as subcutaneous fat and abdominal fat to improve the flavor of the meat. In contrast to other species of domestic birds, ducks have a relatively high carcass fat content, due to genetic and environmental factors, as well as diet composition (Zheng et al., 2014) . The skin fat percentage of Pekin ducks, A-44 strain obtained at the Zootechnical Institute, Department of Waterfowl Breeding in Poland, is approximately 30.57%, and the average abdominal fat percentage is 1.83% (Wawro et al., 2004) . The carcass fat in males is less than that of females, and sexual dimorphism is also observed in other body measurements, which are significantly greater in males than in females (Kleczek et al., 2006) .
In order to study feed and nutrition (Xie et al., 2010; in lean and fat strains (Wawro et al., 2004; Wo loszyn et al., 2011) , knowledge of the carcass composition or quality is often necessary. The most accurate and traditional method to determine specific carcass components is detailed dissection (Clayton et al., 1974) . However, this procedure is timeconsuming, expensive, and difficult under most practical circumstances (Jamieson et al., 2006) . Accordingly, carcass composition is often predicted from other indirect measurements, which provides the opportunity to collect information from live birds without slaughter, which can then be used for selective breeding (Zerehdaran et al., 2005) . Indirect methods to estimate carcass composition are of great value in the production field. König et al. (1997) use a B-scan sonography to estimate breast meat yield and reported a positive cor-2365 relation between thickness of the breast and absolute breast meat. The percentage of body water also correlates closely and negatively with fat percentage in both ducks (r = -0.98; Clayton et al., 1974) and laying hens (r = -0.97; Farrell and Balnave, 1977) . Indirect measurement and in vivo estimation is widely used for evaluations of breast meat, fat content, and carcass weight prediction in many species, including broiler chickens (Melo et al., 2003; Oviedo-Rondon et al., 2007; Kleczek et al., 2009; Ogah, 2011) , Muscovy ducks (Kleczek et al., 2006) , goats (Peres et al., 2010) , turkeys (Case et al., 2012) , mature Japanese quails (Raji et al., 2009) , and indigenous guinea fowl (Ogah, 2011) . Generally, these studies estimate live body measurements via ultrasound technology, which is widely used in the indirect measurements of various organs and tissues of poultry (Giggins et al., 2013) .
Studies of indirect carcass fatness measurements in Pekin ducks are limited. In previous studies in ducks, fat weight has been found to correlate with body weight as well as breast muscle thickness (Bochno et al., 1988; Ksizkiewicz and Mazanowski, 1993) . The weight of skin plus subcutaneous fat depots has been shown to have the strongest correlation with body weight, breastbone crest length, breast muscle thickness, and chest girth in Muscovy ducks (Kleczek et al., 2006) . Fat weight has been found to be correlated with body weight, breast muscle thickness, chest girth, and breastbone crest length in fowl (Bochno et al., 2000) . In order to learn more about the relationship between the carcass fatness and live body measurements, various live traits were considered, including body weight (X 1 ), body length (X 2 ), breast muscle thickness (X 3 ), skin fat thickness (X 4 ), chest width (X 5 ), keel length (X 6 ), and neck length (X 7 ). Most of these variables are significantly correlated with fat weight in poultry. The ultimate aim of this investigation was to formulate multiple regression equations for in vivo estimation of the fatness of Pekin ducks, which can be applied in practical breeding programs.
MATERIALS AND METHODS

Ethical Statement
All experiments were performed according to regulations and guidelines established by the Animal Care and Use Committee of the China Agricultural University. All protocols and procedures were approved by the Beijing Administration Committee of Laboratory Animals, under the leadership of the Beijing Association for Science and Technology (permit number: SYXK 2007-0023) . All efforts were made to minimize animal suffering during the study.
Ducks and Housing
All ducks (N = 220) were reared under the same conditions at the Beijing Golden Star Duck Company.
Ducks were provided ad libitum commercial diets: a starter diet (from 1 d to 3 wk of age) containing 19% crude protein (CP), 12.81 MJ/kg dietary metabolizable energy (ME), and a grower diet (from 4wk of age to end of this experiment) containing 17.1% CP and 11.95 MJ/kg ME. At 42 d old (6 wk), the ducks were fasted for 6 h, and were subsequently slaughtered in order to collect the carcass information, including the eviscerated weight, the weight of subcutaneous fat with skin (Y 1 ), and the weight of abdominal fat (Y 2 ). After removing ducks with missing records during rearing and slaughtering, 208 Pekin ducks (107 drakes and 101 hens) were used in the following analyses. The percentage of fat (Y 3 ), abdominal fat (Y 4 ), as well as subcutaneous fat with skin (Y 5 ), were calculated as follows:
r Percentage of fat (%) = (weight of subcutaneous fat with skin + weight of abdominal fat)/eviscerated weight × 100 r Percentage of abdominal fat (%) = abdominal fat weight/eviscerated weight × 100 r Percentage of subcutaneous fat with skin (%) = weight of subcutaneous fat with skin/eviscerated weight × 100
Immediately before slaughter, ducks were weighed (live body weight = X 1 ), and the following body measurements were taken following Kleczek et al. (2006) : r Body slope length (X 2 , in cm): from the shoulder joint to the ossa sedentarium; r Breast muscle thickness (X 3 , in mm): at one-third of the breastbone crest length and 1.5 cm to the right of the border of the breast-bone crest; r Skin fat thickness (X 4 , in cm): measured in the same place as breast muscle thickness, containing the skin and subcutaneous fat; r Chest width (X 5 , in cm): vertically between the backbone and the beginning of the breast-bone crest; r Keel length (X 6 , in cm): between the anterior and the posterior border of the breast-bone crest; r Neck length (X 7 , in cm): from the first cervical vertebra to the end of neck.
Live body measurements, except keel length, breast muscle thickness, and skin fat thickness were measured on birds held on their back, the others were taken from standing birds. Breast muscle thickness and skin fat thickness were measured on the left side with a portable real-time ultrasound unit (RTU), following careful defeathering and oiling of skin to promote better headskin contact (Kleczek et al., 2006) . In addition to these traits, the sex of ducks was also recorded. The traits and their labels are shown in Table 1 . 
Statistical Analysis
Statistical analysis was conducted using R statistical software. The outliers of primary data which were defined as those data not in the interval (Mean-3SD, Mean+3SD) were firstly tested and deleted. Arithmetic means (X ) and coefficients of variation (CV) of observed variables were calculated. The effects of sex on each trait were estimated with one-way analysis of variance (ANOVA). The simple correlation (r) between live body measurements and fat traits were calculated, and a backward stepwise method of multiple linear regression analysis was applied to determine the best models and parameters to predict fatness. Significance level was α = 0.05 or α = 0.01 for all statistic analysis. The coefficient of determination (D) and multiple correlation (R) of the linear regression, as well as residuals were used to estimate the accuracy of the predictive model. Finally, the applicability of these multiple regression equations (MREs) was validated using numerical data from another trial, performed on a group of 42-day-old Pekin ducks under the same feeding programs, including 109 males and 111 females. The accuracy of dependent variable estimation (Bochno et al., 2000; Melo et al., 2003; Kleczek et al., 2006; Oviedo-Rondon et al., 2007) was determined, taking into account the following: r The absolute difference between the actual value and the estimated value, and the relative difference expressed as the percentage of the actual value; r The coefficients of simple correlation (r) between the actual value and the estimated value; r The proportion of birds showing deviations of the estimated value from the actual value, in three ranges: 0 to 5%, 5% to 10%, and >10%, compared with the actual value.
RESULTS
Sex Effects on the Traits of Pekin Ducks
The descriptive statistics of traits are shown in Table 2 . The average body weight of the males was 3,877.9 g, which was significantly higher than that of the females, whose average body weight was 3,662.6 g. Other live body measurements, including body slope length, keel length and neck length were also greater in males. Conversely, weight and percentage of abdominal fat, percentage of fat, and percentage of subcutaneous fat with skin were significantly greater in females than in males (Table 3) .
Simple Correlations Between Carcass Fatness and Body Measurements
The weight of subcutaneous fat with skin was significantly correlated with live body weight (r♂ = 0.71, r♀ = 0.57) and skin fat thickness (r♂ = 0.43, r♀ = 0.45). Four additional traits of males were closely correlated with weight of subcutaneous fat with skin (P < 0.05), namely breast muscle thickness (r = 0.20), skin fat thickness (r = 0.43), chest width (r = 0.24), and neck Table 2 . Arithmetic means and coefficients of variation (CV) of Pekin duck traits analyzed, and coefficients of simple correlation (r) between the independent variables (X) and the fat traits 1 (Y). Independent variables: X 1 = live body weight (g); X 2 = body slope length (cm); X 3 = breast muscle thickness (mm); X 4 = skin fat thickness (cm); X 5 = chest width (cm); X 6 = chest width (mm); X 7 = neck length (mm). length (r = 0.20). The weight of abdominal fat, percentage of fat and percentage of subcutaneous fat with skin in the eviscerated weight were significantly correlated with live body weight (r = 0.38 to 0.43, Table 2 ) and skin fat thickness in males (r = 0.38 to 0.49, Table 2 ).
Construction of Multiple Regression Equations, and their Accuracy
Multiple regression equations for in vivo prediction of fatness using the live body measurements of both males and females were constructed based on the results of simple correlation analyses (Table 2 ). Seven equations with the best fit are shown in Table 4 . The results of residual analysis revealed that the Studentized residuals from 7 equations were scattered around the oblique line (red) and within the 95% confidence interval marked with dotted red line (Supplementary Figure S1) . All data applied to formulate these equations followed a normal distribution. Equation 1 estimated the weight of subcutaneous fat with skin in males based on live body weight, skin fat thickness, and chest width. The coefficient of multiple correlation (R) for this equation was the highest (R = 0.7920), the coefficient of determination was 62.73%, and the residual standard error of dependent variable estimation was 60.39 g. Equation 2 was based on weight of subcutaneous fat with skin in females, with body weight, skin fat thickness, chest width, and keel length as well as neck length. This equation had a lower coefficient of multiple correlation (R = 0.7609), as well as a lower coefficient of determination (D = 57.90%) than the equation based on data from males (Equation 1). The percentage of fat in males and females could be predicted with Equations 4 and 5, respectively. Both equations provided relatively small standard errors of residual for dependent variable estimation (males: 2.22%, females: 2.21%), but relatively low coefficients of multiple correlation between the dependent variable and the set of independent variables (males: 0.6084, females: 0.6186), and a much lower determination coefficient (D < 50%). Equation 6, for in vivo estimation of percentage of subcutaneous fat with skin in males, was based on body weight, breast muscle thickness, skin fat thickness, and keel length. The residual standard error was 1.93%. The percentage of subcutaneous fat with skin in females could be predicted with body weight, skin fat thickness, chest width, keel length, and neck length using Equation 7, and the residual standard error was only 1.82%.
The Applicability of Multiple Regression Equations
All equations, with the exception of Equation 3, provided substantial accuracy, ensuring that at least 80% Table 5 . Results of predictions of the weight and percentage of subcutaneous fat with skin (Y 1 ; Y 5 ), the weight of abdominal fat (Y 2 ) and the percentage of fat (Y 3 ) in Pekin ducks grouped according to sex, using multiple regression equations (see Table 4 ). The estimated values were attained using the mean of the related traits (i.e., independent variables). 2 the actual values were the mean of the related sebum traits (i.e., dependent variables). 3,4 differences and coefficients of correlation were calculated using the actual values and the estimated values. 5 the relative differences of individuals were divided into three intervals, and the results are shown as percentages (%); * * Significance of the correlation coefficient (r) at α = 0.01. of males or females had an estimated value within the margin of error (<10%, Table 5 ). Among these Equations, Equation 5, for the in vivo estimation of the sebum percentage, provided the most accurate results for females. The difference between the value estimated using this equation, and the actual value of the dependent variable, was 0.30%, which accounted for 0.89% of the actual value. In addition, in only 9% females was the difference between the estimated and actual value higher than 10%. The accuracy of the equations changed when applied to in vivo estimates in ducks of the opposite sex to that which was used to construct the equations. The differences between the estimated and actual values when using Equation 1 to predict weight of subcutaneous fat with skin were higher in females (6.89%) than in males (2.49%). As for Equations 4 and 6, the differences between estimated and actual percentage of fat and percentage of subcutaneous fat with skin tended to be larger in females than in males. In addition, the proportion of male ducks with deviations of the estimated value of percentage of fat from the actual value in the given range (>10%) reached 20% when using Equation 5, which was based on data gathered from females. The accuracy of estimation of the specific fat trait was similar in both sexes when applying Equations 2 and 7, with most deviations of the estimated value from the actual value not exceeding 10% (Table 5) .
DISCUSSION
In ducks, sexual dimorphism has been documented in body weight (Farhat and Chavez, 2000; Bochno et al., 2007) , keel length, and carcass fatness (Bochno et al., 2000; Kleczek et al., 2006) . After concluding that sex statistically significantly affected the majority of traits measured in our study (Table 2 & Table 3 ), we analyzed the data for each sex separately.
In contrast to direct measurements, which require dissection, indirect measurements usually employ one or more easy-to-measure traits to estimate target traits. Indirect in vivo estimation of carcass fatness using a single trait is usually inaccurate. Much more precise results can be achieved when several traits are used to develop multiple regression equations (Kleczek et al., 2009; Ogah, 2011) . In order to formulate such equations with high accuracy, we used as many body measurements as possible, and the selection of independent variables was based on our correlation results. The highest correlation was observed between the live body weight and weight of subcutaneous fat with skin, which ranged from 0.57 (females) to 0.71 (males). Body weight has been reported to have a significant (P < 0.05) positive correlation with fat with skin (r = 0.75) in ducks (Bochno et al., 2000; Bochno et al., 2007) and with fat weight (r = 0.63 to 0.72) in broilers (Bochno et al., 2004; Raji et al., 2010) . In addition, studies on Mulard ducks (Ksizkiewicz and Mazanowski, 1993) , and broilers (Melo et al., 2003) have shown that body weight was closely correlated with abdominal fat weight, which was also found in males Pekin ducks in our study (r = 0.43) . This emphasizes the notion that body weight is a good indicator of fat weight in Pekin ducks. Otherwise, breast muscle thickness, and chest width could be used to predict the fat with skin in males, as the coefficients of simple correlations in our study were low but statistically significant (r = 0.20, 0.24; Table 2 ). Low correlations between carcass fatness and chest girth were also reported in Muscovy ducks by Kleczek et al.(2006) , which could be attributed to the considerable variation in fat content observed in domestic fowl.
Particular attention should be paid to the results that skin fat thickness measured with the portable realtime ultrasound (RTU) was significantly correlated with most of the fat traits (r = 0.29 to 0.49). This is consistent with previous results in broiler chickens (Melo et al., 2003; Oviedo-Rondon et al., 2007) , Pekin ducks (Bochno et al., 2000) , and Muscovy ducks (Kleczek et al., 2006) . This technology for the study of skin fat thickness and breast muscle thickness is useful for indirect measurements, and has been widely used, since it provides a safe, cost-effective, and readily accessible method to examine various organs and tissues (Giggins et al., 2013) . This suggests that RTU could be widely used in practical production.
Equations 1 and 2 are characterized by higher values of multiple correlation coefficients (male: 0.7920, female: 0.7609), and determination (male: 62.73, female: 57.93), and our predictions of the traits in another duck group were as precise as in a previous study on Muscovy ducks (Kleczek et al., 2006) . More importantly, Equation 2, which can be applied for in vivo predictions in both sexes, had a smaller deviation between the actual and estimated values (<10%) when compared with similar studies (Kleczek et al., 2006; Raji et al., 2010) , suggesting that this equation could be used in both males and females.
Equations 4 and 5, which were developed for estimating the percentage of fat, contained small residual standard errors (males: 2.12, females: 2.22). Although the multiple correlation coefficients (R) and determination (D) appeared low, the results from validations using ducks of the same sex revealed high accuracy. Equation 4 underestimated the sebum percentage of males on average by just 0.79 g, which accounted for 2.40% of the actual values. The coefficient of simple correlation between the actual and estimated values was statistically significant. However, when this equation was used to estimate the same traits in females, the accuracy decreased. Meanwhile, the precision of estimated percentage of fat in males using Equation 5 based on female data was no better than using Equation 4 based on males. Sex-related differences in accuracies of MREs could also be found in A-44 strain ducks and geese (Bochno et al., 2007; Bochno et al., 2015) . The percentage of subcutaneous fat with skin in males can be estimated using information on live body weight, breast muscle thickness, skin fat thickness, and keel length with Equation 6. When this equation was used to predict these traits, accurate results were achieved in males, with more than 83% of males falling within the <10% margin of error. As for Equation 7, which was derived to predict the percentage of subcutaneous fat with skin in females, we found that this equation could be successfully applied in practice. The residual standard error was low (1.82%), but the coefficients of multiple correlation (R = 0.6235) and determination (D = 38.87%) did not reach the expectation as well as the values reported from Muscovy ducks (Kleczek et al., 2006) . However, it is important to note that the relative difference between the actual and estimated values attained by using this equation did not exceed 1.0%, and the correlation was highly significant. More importantly, Equation 7 had similar accuracy in estimating the skin with fat of males and females, with most individuals falling within the margin of error (<10%).
Meanwhile, several studies revealed that abdominal fat would significantly increase as the dietary ME significantly increase (Fan et al., 2008; Zeng et al., 2014) . Few studies were conducted under various nutritional diets to do in vivo prediction for fat traits. It's reported that age-related changes were observed on body growth rate and carcass tissue composition including weight and percentage of subcutaneous fat with skin in Pekin ducks from 1 to 8 wk age (Murawska, 2012) . When applying equations for prediction, users must be aware of diet nutrition components and duck ages. Our equations were validated using same strains with different trials and we found it is still accurate to meet the breeding needs. To attain accurate and reliable results, we would like to recommend equations 2 and 7 for practical application in estimating the weight and percentage of skin fat (Y 1 , Y 5 ) of Pekin ducks aged 42 d.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online.
Suppl. Figure S1 . Residual analysis of the equations listed in Table 4 . The slope of the red line is 1. The dotted red lines represent the range of 95% confidence interval of the Studentized residuals.
